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SUMWARY 

The NASA Lewis Research Center and the  A i r  Force Rocket Propulsion 
Laboratory (AFRPL) a re  j o i n t l y  engaged i n  a program f o r  techn ica l  assessment 
o f  the L iqu id  Droplet  Radiator (LDR) concept as an advanced h igh  performance 
heat r e j e c t i o n  component f o r  f u t u r e  space mlbsions. NA5A Lewis has responsi- 
b i l i t y  f o r  the technology needed f o r  t he  d rop le t  generator, f o r  working f l u i d  
q u a l i f i c a t i o n ,  and f o r  I nves t i ga t i ng  the  physics o f  d rop le ts  i n  space; NASA 
Lewis i s  a lso  conducting systems/mission analyses f o r  p o t e n t i a l  LDR app l ica-  
t i o n s  w l t h  candidate space power systems. 

For the d rop le t  generator technology task, bo th  m i c r o - o r i f i c e  f a b r i c a t i o n  
techniques and d rop le t  stream format ion processes have been exper imenta l ly  
inves t iga ted .  High q u a l i t y  m ic ro -o r i f i ces  ( t o  50 pm diameter) a re  r o u t i n e l y  
fabr ica ted  w i t h  automated equipment. Droplet  format ion s tud ies have estab- 
l i shed  operat ing boundaries f o r  the generation o f  c o n t r o l l e d  and un l fo rm drop- 
l e t  streams. A t e s t  r i g  i s  c u r r e n t l y  being i n s t a l l e d  f o r  t he  experimental 
v e r i f i c a t i o n ,  under simulated space condi t ions,  o f  d rop le t  r a d i a t i o n  heat. 
t rans fe r  Performance analyses and the  determinat ion o f  t he  e f f e c t i v e  r a d i a t i v e  
emlss l v i t y  o f  m u l t i p l e  d rop le t  s-reams. I n i t i a l  t e s t i n g  has begun i n  the  NASA 
Lewis Zero-Gravlty F a c l l i t y  f o r  i n v e s t i g a t i n g  d rop lo t  stream behavior i n  micro- 
g r a v i t y  condi t lons.  Thls Includes the  e f f e c t  o f  o r i f i c e  we t t i ng  on j e t  dynam- 
i c s  and d rop le t  formation. The mlss ion analyses are  i d e n t i f y i n g  i n t e g r a t i o n  
requirements for ?he LOR w i t h  s*) lar  and nuclear power systems. Results f o r  
both Brayton and S t l r l l n g  power cyc les have i d e n t i f i e d  favorable mass and s i ze  
cornparlsons o f  the LDR w l t h  conrent ional  r a d i a t o r  concepts. 

The ob jec t i ve  o f  the program tasks I s  t o  resolve c r l t i c a l  technology 
Issues which confron: the deJel0pment and design o f  a p ro to type LDR system for 
t e s t i n g  i n  space environment. An essen t ia l  p a r t  of the cur ren t  techn ica l  pro-  
gram per ta lns  t o  the experimental i n v e s t i g a t i o n  o f  mu l t i s t ream dynamics and 
thermal behaillor f o r  the d rop le t  sheet mass i n  slmu1;ted space environment. 

INTRODUCTION 

An advanced rad ia to r  conce9t, the L iqu id  Droplet  Radiaror ( f i g .  l ) ,  has 
recent ly  beeq studied because 0:  I t s  p o t e n t i a l l y  s i g n i f i c a n t  weight reduc t ion  
bene f i t s  for space power systems ( r e f s .  1 t o  3 ) .  

NkSA and the A i r  Force have embarked on a cooperative program t o  determine 
the p o t e n t i a l  system c a p a b i l i t i e s  o f  the LDR concept, and t o  assess i t s  tech- 
n l c a l  f e a s l b l i i t y  f o r  NASA and A i r  Force mlssions. Table I shows t h a t  agency 
r e s p o n s l b i l l t j  i s  d iv lded along the major subsystems. The eva lua t ion  program 
provides a l l  cic.ments necessary t o  f u t u r e  space t e s t s :  r e s o l u t i o n  o f  c r i t i c a l  
issues, est ib l ishment  o f  performance and other  cha rac te r i s t i cs ,  Incorpora t ion  



of  A i r  Force and NASA mission analyses, and proof-of-concept t e s t s  under slmu- 
l a t e d  space condi t ions.  

The NASA Lewis Research Center program f o r  LOR technology development i s  
present ly  wi th in Tasks I, 11, and V. The subtasks, shown i n  f i g u r e  2, repre- 
sent c r i t i c a l  technica l  issues that Lewis Research Center I s  c u r r e n t l y  addres- 
sing. The present paper i s  a s ta tus repo r t  on those task p ro jec ts .  

Task I .  L iqu id  Droplet  Generator Development 

The r a d i a t i n g  d rop le t  streams ( f i g .  1) a re  created by the d rop le t  genera- 
The requirements o f  the r a d i a t i n g  sheet of droplets ,  w i t h  tens o f  thous- t o r .  

ands o f  streams 3f uniform droplets ,  and w i th  no stream dev ia t i ng  more than 
2 t o  3 mrad, places severe requirements on the  performance o f  t he  generator 
module. 
cons is ts  o f  two I n t e r r e l a t e d  subtasks: o r i f i c e  f a b r i c a t i o n  technology, and 
drop1 e t  format i on techno1 ogy . 

Figure 2 shows t h a t  a t  NASA Lewis, study o f  the d rop le t  generator 

O r i f i c e  f a b r i c a t i o n  technoloay. - I d e n t i f i c a t i o n  or  development o f  f a b r i -  
c a t i o n  methods f o r  m ic ro -o r i f i ces  I s  a major focus o f  the NASA Lewis program. 
Several o r i f i c e - f a b r i c a t i o n  techniques were assessed f o r  t h e i r  a b i l i t y  t o  meet 
the LOR requirements. 
250 pm range I s  necessary, w i t h  o r i f i c e s  being of s a t i s f a c t o r y  q u a l i t y  t o  
ensure accurate j e t  t r a j e c t o r i e s .  
t o  the product ion of  thousands o f  holes i s  a l so  required. 
methods Invest igated were electro-discharge machining, laser  d r i l l i n g ,  e l e c t r o -  
chemical m i l l i n g ,  and mechanical d r i l l i n g .  

Fabr i ca t i on  o f  o r i f i c e s  w i t h  diameters i n  the 25 t o  

Adap tab i l i t y  o f  the f a b r i c a t i o n  technique 
The f a b r i c a t i o n  

Electro-discharge machining has been used t o  f a b r i c a t e  tens of  thousands 
of  o r i f i c e s  on a product ion basis ( r e f .  4). However, current  technology i s  
l i m i t e d  t o  f a b r i c a t i o n  o f  holes l a rge r  than 300 pm. Laser d r i l l i n g  of  o r i f i c e s  
can a l so  be accomplished on a product ion basis ( r e f .  5 ) .  Sample l a s e r - d r i l l e d  
o r i f i c e s  fab r i ca ted  f o r  NASA Lewis were of  poor q u a l i t y ,  and o r i f i c e s  could 
not  be d r i l l e d  I n  s u f f i c i e n t l y  t h i c k  stock. S im i la r  problems occurred with 
electrochemically-milled o r i f i c e s .  

I n k - j e t  p r i n t e r  requirements ( r e f .  6) are somewhat s i m i l a r  t o  those f o r  
LOR drop le t  generators. 
etched on a s i l i c o n  substrate ( r e f .  7 ) .  That f a b r i c a t i o n  method does no t  y i e l d  
an o r i f l c e  p l a t e  r i g i d  enough t o  meet LDR requirements. 

Some i n k - j e t  p r i n t e r s  have o r i f i c e s  t h a t  have been 

Extensive work has been done a t  NASA Lew is  on development of mechanlcal ly- 
d r i l l e d  o r l f i c e s .  S iml lar  work i s  being pursued by a t e x t i l e  f i r m  w i t h  exten- 
s i v e  experience :n ext rus ion o f  u l t r a f i n e  c e l l u l o s i c  f i b e r s .  Development of  
m i c r o - o r i f i c e  d r i l l i n g  has progressed s t e a d i l y  i n  the NASA Lewis machine shop. 
f a b r i c a t l o n  k f  o r i f i c e  diameters f rom 25 t o  250 pm i s  rout lne,  and o r i f i c e s  
have been d r i l l e d  i n  aluminum, magnesium, tungsten, and 316 SS. A r r a y s  have 
ranged from s ing le -  t o  900-hole o r i f i c e  p la tes,  the l a t t e r  formed I n  a 3 by 
1.5 cm rectangular pat tern.  Recent i n s t a l l a t i o n  of computer programed machin- 
i n g  equipment has g r e a t l y  improved the accuracy and q u a l i t y  o f  the d r i l l i n g .  

2 



Y h i l e  the p r i n c i p a l  development goal has been t o  f a b r i c a t e  o r i f i c e  p la tes  
w i t h  p a r a l l e l  stream patterns,  a secondary emphasis has been t o  i d e n t i f y  o r i -  
fqce geometries wi th h igh volume-discharge c o e f f i c i e n t s .  
several o r i f i c e  cross sect ions t h a t  have been inves t i ga ted  exper imental ly.  
O r i f i c e  t e s t s  were conducted using a d i f f u s i o n  pump o i l  (DC-704). w i t h  a v i s -  
c o s i t y  o f  42 c S t  a t  25 O C .  

Reynolds numbers around 200 f o r  the l a r g e s t  o r i f i c e s .  

Figure 3 shows 

Flow was i n  the low lamlnar regime, w i t h  maximum 

S t r a i g h t  c y l i n d r i c a l  holes had unacceptably l o w  discharge c o e f f i c i e n t s ,  
and were troublesome t o  produce due t o  the necessi ty o f  m i l l i n g  the p l a t e  i n  
the v i c i n i t y  o f  the hole. 
d r i l l s  were l i m i t e d  t o  a maximum penetrat ion o f  ten diameters. 

This e x t r a  m i l l i n g  was necessary, as the s m z l l  

Thicker and s t r u c t u r a l l y  sounder p la tes  were fab r i ca ted  uslng tapered 
(countersunk) entrances t o  the f i n a l  o r i f i c e  diameter. The k n i f e  edged and 
chamfered holes shown i n  f i g u r e  3 are  va r ian ts  o f  t h a t  method. 
p la tes  showed the l a rges t  discharge c o e f f i c i e n t s  (about 0.75), bu t  t r a j e c t o r y  
c o n t r o l  was un re l i ab le .  The ASML f l o w  nozzles, the double chamfered o r i f i c e s ,  
and those w i t h  p ro t rud ing  l i p s  were b r i e f l y  tested, bu t  were no t  considered 
acceptable because o f  a d d i t i o n a l  machining or t o o l i n g  problems. 

The k n i f e  edged 

Most work has concentrated on the s i n g l e  chamfered geometry, w i t h  a shor t  
c y l i n d r i c a l  c a p i l l a r y  a f t e r  the conica l  entrance. Development has focused on 
improving the stream-to-stream p a r a l l e l i s m  o f  m u l t i - h o l e  arrays o f  th!s con- 
f i g u r a t i o n .  The computer-numerical ly-control led (CNC) d r i l l i n g  machine, w i t h  
a p o s i t i o n i n g  accuracy of  microinches, was requi red t o  produce arrays having 
m i l l i r a d i a n  d ispers ion accuracy. The d r i l l i n g  equipment requi res a constant 
temperature and humidi ty environment i n  order t o  s t a b i l i z e  p o s i t i o n i n g  o f  the 
d r i l l .  Experience has shown t h a t  a l i g n i n g  the d r i l l  b i t  t o  accuracies o f  one 
or two microinches, w i t h  respect t o  the already d r i l l e d  conica l  entrance, i s  
essen t ia l  f o r  f u r t h e r  q u a l i t y  improvement. 

Surface f i n i s h  o f  the o r i f i c e  p l a t e  i s  a l so  important. Burrs on the edge 
of  the hole w i l l  cause t r a j e c t o r y  problems. Test f l u i d  we t t i ng  o f  the p l a t e  
on the discharge side can a l so  m lsa l i gn  the stream, espec ia l l y  a t  l o w  j e t  velo- 
c i t i e s ,  due t o  p a r t i a l  attachment o f  the stream t o  the  f i l m .  Several nonwett- 
I n g  coatings, TEFLON1 and FREKOTLl , have been successfu l ly  appl ied t o  
aluminum o r i f i c e  p la tes .  These coatings e l iminated the adverse we t t i ng  
e f f e c t s .  
coated p la tes  i s  s t i l l  under i nves t i ga t i on .  

However, an acceptable f a b r i c a t i o n  procedure f o r  d r i l l i n g  through 

Droplet  formation technology. - The generation of  un l formly sized and 
spaced d rop le t  streams has been Invest igated concur ren t ly  w i t h  the f a b r i c a t i o n  
o f  the m i c r o - o r i f i c e s .  Although j e t  breakup and d rop le t  format ion have been 
studied both a n a l y t i c a l l y  and exper lmental ly f o r  over  a century, i t  i s  s t i l l  
an a c t i v e  area  i n  research and technology development. 

Figure 4 shows the d rop le t  generator used a t  NASA Lew is  t o  study the f o r -  
mation o f  un l fo rm ly -s i zed  and spaced streams of d rop le ts .  The experiments are 
usual ly  performed w i t h i n  a vacuum b e l l  j a r .  Primary measurements of d rop le t  
s i z e  and spaclng are made by 35 mm h igh speed photography. TCle p iezoe lec t r i c  

Reg1 s tered 
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crystal inside the generator head has a harmonic voltage applied to it from an 
external signal generator. The sound waves induced in the fluid by the pulsed 
piezo crystal cause the orifice jet to break up Into uniform droplets at the 
applied frequency. Thls phenomenon of forcing Jet breakup is well known 
(ref. 8). The NASA Lewis generator, with DC-704 diffusion pump oil as the 
working fluid, has worked most efflclently with a square wave input to the 
plezo crystal. The piezo is a hollow se;bere of PZT (lead-zirconate-titanate) 
ceramlc, 0.7 inch diameter, with a natural frequency of about 80 kHz. This 
sphere is loosely held by a Teflon cradle within the generator head, which is 
an aluminum cylinder 2.5 (diam) by 2.0 inches. 
by the dynamic pressure transducer in the generator head (fig. 4) has been 
consistently about 90° out of phase with the signal generator Input to the PZT 
plezo. Thls confirms that the plezo element is essentially a capacitor 
drawing almost no power. 

The acoustic waveform sensed 

The radiant heat transfer analysis of the sheet of droplets sets the spe- 
cifications on droplet spacing, dlameter, velocity, density, and orifice size. 
As a consequence, a very broad spectrum of droplet formation variables must be 
investigathd. 
from single and multiple hole orlflces 33 to 200 pm in size. 
array of five droplet streams from a plate of single chamfered orifices 200 pm 
In diameter. The frequency and droplet velocity were low, resulting in the 
large droplets. 
higher velocity than the others, and also that small satellite droplets occur 
in that stream at random intervals. 

Droplets ranging from 60 to 1000 pm diameter have been generated 
figure 5 shows an 

It will be noticed that the middle stream has 8 slightly 

For any given orifice, the region of uniform droplet formation has upper 
and lower bounds on the vibration frequency-droplet velocity plot. Figure 6 
shows the experimentally determined domain of acceptable droplet formation for 
a chamfered orifice 100 rn in diameter. In the frequency-velocity regions 
outside of the uniform droplet formation domain, the liquid stream breaks up 
into droplets with a wide disperslon of droplet sizes. 
tion (ref. 9) reported similar behavior in formlng drops from the end of a 
capillary tube which was vibrated at a low sonic frequency. 

An earlier investiga- 

Multiple droplet stream stability over flight lengths of perhaps tens of 
At the University meters is of great concern in the LDR development program. 

of Southern California, single stream stability with no more than a 2 prad 
disperslon has been achieved for flight paths of 5.5 m and velocitles up to 
100 m/s (refs. 8 and 10). Two orifices, 146 and 183 pm dlameter, were used; 
they were etched from sapphlre crystals with shape similar to the tapered 
geometry in figure 3. 
orifices for stream stability over a 2 to 3 m path as a crucial test of 
orif ice quality and droplet formation technology. 

NASA Lewis wlll be testing machlned multiple hole 

Task 11. Radiator Physics and Materials 

The radlating sheet of droplets is the working heat transfer surface of 
the LDR.  Optimizing the droplet sheet performance is the ultimate goal of 
Task I1 of the joint AFRPL-NASA Lewis program plan. It has several crltical 
technology subtasks: an experlmental heat transfer study of droplet sheets to 
confirm or modify analytical methods of radiation calculations, identification 
and testing of potential space-compatible working fluids, and an experlmental 
study of droplet stream formation and behavior under mlcrogravity conditions. 
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Heat t r a n s f e r  s tud ies.  - Since the  area o f  a r a d i a t o r  i s  i nve rse l y  pro- 

I n  order  t o  p r e d i c t  t he  e m i s s i v i t y  

p o r t i o n a l  t o  I t s  emiss iv i ty ,  t he  mass advantage of t h e  LDR over heat p ipe  
rad ia to rs  (1.7 versus 4 kg/m2) i s  l o s t  i f  i t s  e m i s s i v i t y  I s  less  than 0.4 
(Heat p ipe  e m i s s i v i t i e s  a re  about 0.85.) 
o f  the  d rop le t  sheet, Hertzberg and H a t t i c k  ( r e f .  1)  assume t h a t  t he  d rop le ts  
behave as opaque gray bodies w i t h  I s o t r o p i c  sca t te r ,  and t h a t  the  sheet i s  
Isothermal through i t s  thickness. The hemispherical em iss i v i t y  i s  determined 
by us ing the  equations o f  r a d i a t i v e  t r a n s f e r  i n  an absorbing and s c a t t e r i n g  
plane layer .  The s o l u t i o n  i s  expressed by a non l inear  i n t e g r a l  equation t h a t  
was solved numer ica l ly .  Sheet e m i s s i v i t y  i s  a func t i on  o f  d rop le t  e m i s s i v i t y  
and o p t i c a l  depth o f  t he  sheet. Results a re  shown i n  f i g u r e  7. 

Transmiss iv i ty  decays exponent ia l l y  w i t h  o p t i c a l  depth. For a body w i t h  
constant abso rp t i v i t y ,  o p t i c a l  depth i s  the  product o f  absorpt ion c o e f f i c i e n t  
and path length  ( f i l m  thickness o r  d r o p l e t  rad ius) .  For the  LDR, Hertzberg 
and Mat t i ck  de f i ne  sheet o p t i c a l  depth as tS = naS, where n i s  t he  d r o p l e t  
number dens i ty  per u n i t  volume, (I i s  the  cross-sect ional  area o f  a d rop le t ,  
and S i s  the  thickness o f  the  sheet. With t h i s  d e f i n i t i o n ,  t ransmiss ion 
through a sheet o f  b lack drop le ts  decays exponent ia l l y  w i t h  o p t i c a l  depth o f  
the sheet. 

Sheet em iss i v i t y  i s  dependent on the  con f igu ra t i on  o f  the  d r o p l e t  sheet 
and on i n t r i n s i c  d rop le t  em iss i v i t y .  Although d r o p l e t  em iss i v i t y  has no t  been 
measured d i r e c t l y ,  normal em iss i v i t y  o f  a t h i n  f i l m  o f  DC 704 was measured by 
Teagan and F i t zge ra ld  ( r e f .  11) us ing a Four ie r  Transform In f ra red  Spectrometer 
( F T I R ) .  A t  a thickness o f  0.06 cm, the  average f i l m  em iss i v i t y  of DC 704 was 
0.95 between 1400 and 400 cm-l. A t  a th ickness o f  0.03 cm, the  average f i l m  
em iss i v i t y  was 0.70 ( f i g s .  8 and 9 ) .  This data suggests t h a t  the  d r o p l e t  
em iss i v i t y  var ies  w i t h  d rop le t  s i ze  f o r  path lengths less than 0.06 cm. 

For n e g l i g i b l e  surface r e f l e c t i v i t y ,  em iss i v i t y  i s  one min. the  t rans-  
m i s s i v i t y .  A t  small o p t i c a l  depths, and a t  normal Incidence, t r a n s m i s s i v i t y  
i s  approximately l i n e a r  w i t h  o p t i c a l  depth, and emiss i v i t y  I s  p ropor t i ona l  t o  
path length.  I t  has been suggested t h a t  the  power t o  mass r a t i o  o f  a sphere 
may be made a r b i t r a r i l y  la rge  by decreasing the rad ius .  
l i m i t ,  however, d rop le t  em iss i v i t y  i s  l i n e a r l y  p ropor t iona l  t o  rad ius so t h a t  
t h i s  i s  no longer the case. 

I n  the o p t i c a l l y  t h i n  

When p a r t i c l e s  a re  la rge  r e l a t i v e  t o  the  wavelength of r a d i a t i o n  con- 
sidered, Mle sca t te r i ng  can be neglected and ray t r a c i n g  analys is  a l lows 
expression o f  the p a r t i c l e  em iss i v i t y  as a func t ion  o f  o p t i c a l  constants and 
geometry. Hoffman and Gauvin ( r e f .  12) repo r t  expressions f o r  the a b s o r p t i v i t y  
( e m l s s l v i t y )  o f  a sphere as a func t i on  o f  absorpt ion c o e f f i c i e n t  K, r e f r a c -  
t i v e  index in, and rad ius r der ived us ing geometric op t ics .  Results a re  
p l o t t e d  I n  f i g u r e  10. 

A <  can be seen I n  the f i gu re ,  d rop le t  em iss l v i t y  increases w i t h  the pro-  
duct o 1  absorpt ion c o e f f i c i e n t  and rad ius.  A t  a value o f  3 . 0 ,  the increase i n  
emiss i v i t y  l eve l s  o f f .  This provides a p r a c t i c a l  upper l i m i t  on d rop le t  diam- 
e t e r  much the sanie way t h a t  the o p t i c a l l y  t h i n  l i m ! t  provides a l o w e r  l i m i t  
f o r  d rop le t  diameter. 
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A refined analysis of droplet emlsslvity would consider the variation of 
absorption and scattering coefficients wlth frequency, V. An iterative proce- 
dure allows determination of these coef ficlents from absorption measurements of 
thin films in the infrared. Graf, Koenlg, and Ishlda (ref. 13) have reported 
the method. The apparent absorptive index, k(v), is calculated from the 
experimental absorption spectrum. The Kramers-Kronig Integral relates the 
refracttve index and the absorptive index so that an apparent refractive index, 
n(v), is obtained. The absorption spectrum Is then calculated using these 
trial values for k(v) and n(v). It I s  compared to the experimental spectrum 
and a refined estimate of k(v) is made. 
ment between the expertmental spectrum and the calculated spectrum is good. 

The process is iterated until agree- 

Software from Graf et al. is currently being installed to perform this 
analysis on a VAX 11/750 computer. A comnunlcations link between the computer- 
run FTIR and the VAX i s  being selected. Data from FTIR analysis of the absorp- 
tion spectra of diffusion pump oils will be analyzed in this way. 

The predictions of sheet emissivity will be evaluated by measurlng a sen- 
sible heat loss from the droplet sheet and equating it to the net radiation 
loss from the sheet to its surroundings. A heat transfe, rig is being fabri- 
cated (schematic shown in fig. 1 1 )  to make these measurements. The rig has a 
maximum flow rate o f  5 gal/min allowing testing of optical depths up to 0.4. 
lhe test fluld can be preheated in the supply tank up to 150 O C ;  however, the 
likely upper temperature is 70 "C to keep the vapor pressure of  the test fluid 
low. The droplets fall through a liquid nitrogen jacketed vacuum chamber. 
Althou h maximum vacuum capability is torr, expected operation will be 
at 10- 1 torr to mlnlmlze evaporatlve heat loss. 

The senslble heat loss will be determined from differential temperature 
measurements of the streams. Temperature probes will translate across the 
width and depth of the streams to obtain a temperature proflle in addltion to 
the average temperature drop. Expected temperature drops are on the order of 
2 to 8 " C .  
less than 10 percent. 

Estlmated error for the calculated values of sheet emlsslvlty is 

Workins fluid selection. - Potentlal working fluids for the LDR are cate- 
gorized according to heat rejection temperature. 
temperature nuclear dynamic space power cycles, the LOR will require a liquid 
metal, while for low temperature I1housekeeping1' thermal management, fluids 
similar to organic diffusion pump oils seem to have acceptable properties. 
The ideal candidate fluld for each of the categories has not been identlfied. 

For solar dynamic or high- 

The most critical fluid requlrement I s  possession of  a very low vapor 
pressure in the applicable temperature range. Figure 12 shows the useful oper- 
ating range for some llquid metals and one comnon diffusion pump oil. lhe 
maximum allowable vapor pressure of 
oration in space to a low value. 

torr will limlt working fluid evap- 

In addltlon to the vapor pressure llmltation, potential LOR fluids must 
possess a number of physical and chemlcal properties reflecting compatiblllty 
wlth the space environment. Additionally, a potential fluid must have other 
properties to allow for ease of droplet generator and collector operation. 
lable I 1  llsts the important physical and chemlcal requirements for an LOR 
worklng fluid. 
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An a c t i v e  program a t  NASA Lewis i s  focused on i d e n t i f y i n g  low temperature 
l i q u i d s  more s u i t a b l e  than the  present experimental t e s t  f l u i d s .  
based f l u i d s  having vapor pressures near S X ~ O - ~ O  t o r r  a t  400 K have been 
synthesized under cont rac t ;  these represent a l o s - f o l d  decrease I n  vapor 
pressure over c o n e r c i a l l y - a v a i l a b l e  f l u i d s  such as DC-705. Fur ther  work i s  
i n  progress t o  determine the  ex ten t  t o  which these f l u i d s  meet the  o ther  
requirements ou t l i ned  i n  Table 11. 

Si l l cone-  

Current ly ,  s tud ies are  i n  progress t o  determine which molecular s t ruc -  
tu res  o f  low vapor pressure l i q u i d s  a re  most r e s i s t a n t  t o  the  i n d i v i d u a l  and 
combined e f f e c t s  o f  atomic oxygen and u l t r a v i o l e t  rad ia t i on .  
ranges o f  v i s c o s i t y  and sur face tens ion  are  being inves t iga ted  i n  con junc t ion  
wi th  the  d rop le t  format ion s tud ies (Task I )  a t  NASA Lewis, and w i t h  the  d rop le t  
c o l l e c t o r  program a t  AFRPL ( r e f .  14). There i s  no a c t i v e  program a t  present t o  
i n v e s t i g a t e  cor ros ion  problems. 

The optimum 

Zero q r a v i t y  e f fec ts .  - Ear l y  experiments w i t h  the  d rop le t  generator 
( f i g .  4) provided evidence t h a t  a l i q u i d  f i l m  i n i t i a l l y  cover ing the  o r i f i c e  
p l a t e  can s i g n i f i c a n t l y  increase t h e  pressure requ i red  t o  s t a r t  the  d r o p l e t  
stream f low, as w e l l  as the  lower l i m i t i n g  pressure a t  d r o p l e t  stream shuto f f .  
The behavior o f  an o r i f i c e  f i l m  i n  space cond i t ions  i s  a serious concern. The 
long- term e f f e c t s  on d rop le t  stream dynamics can on ly  be examined I n  ac tua l  
space f l i g h t ,  e.g., the  Shu t t l e  - bu t  much va luable in fo rmat ion  can be obtained 
from experiments conducted I n  ground-based mic rograv i ty  f a c i l i t i e s .  

I n  the  NASA Lewis Zero-Gravlty F a c i l i t y ,  a t e s t  r i g  I s  subjected t o  over 
5 s of  mic rograv i ty  f a l l  a t  t o  g. This i s  s u f f i c i e n t  t ime t o  
i d e n t i f y  behavior pat terns i n  f ree-sur face f l u i d  f i l m s  subjected t o  micro- 
g r a v i t y .  

F igure 13 shows the  experimental drop package belng fab r i ca ted  f o r  t he  
The r i g  i s  a drop bus conta in ing  the  d r o p l e t  NASA Lewis Zero-Gravity tes ts .  

generator u n i t  and i t s  a s s o c i a t d  ins t rumenta t ion  and power package. 
l e t  streams are  contained w i t h i n  a c lea r  p l a s t i c  p ipe  t o  avoid any acc identa l  
contamination o f  the o p t i c a l  instruments. 

The drop- 

f i g u r e  14 i s  a sketch o f  the  experimental r i g  i l l u s t r a t i n g  i n  more d e t a i l  
the p o s i t i o n  o f  the generator I n  t e s t i n g  f o r  o r i f i c e  f i l m  e f f e c t s .  The d rop le t  
stream f lows "up" r e l a t i v e  t o  normal g r a v i t y .  A p rec ise  amount o f  working 
f l u i d  can be placed over the o r i f i c e  p r i o r  t o  package release and f l ow  s ta r tup .  
High speed motion p i c t u r e  cameras record the stream genera t i on -o r i f i ce  f i l m  
i n te rac t i ons ,  as w e l l  as the d rop le t  stream impact on the c o l l e c t o r  a t  t he  top  
o f  the bus. Two cameras a t  r i g h t  angles, w i t h  scales i n  focus behlnd the  
drops, w i l l  document t r a j e c t o r y  accuracy a t  the c o l l e c t o r .  

The working f l u i d s  w i l l  be the  d i f f u s i o n  pump o i l s  used I n  the Task I 
Test parameters and var iab les  are  the o r i f i c e  s i ze  and generator s tud les.  

shape, the o r i f i c e  f i l m  depth, the 'op l ied  pressure, and the  volumetrlc f l ow  
dur lng  t e s t .  

On completion o f  bu i ldup,  the  drop package w i l l  undergo ground t e s t i n g  
and c a l i b r a t i o n  before any n l c r o g r a v i t y  drop t e s t s  a re  permi t ted.  The f i r s t  
drop 1 s  planned f o r  November, 1985. 



Task V. Miss ion and Systems Analysis 

The Miss ion and Systems Analysis (!!/SA) f o r  t he  LOR I s  a concomitant 
e f f o r t  w i t h  the  experimental technology development and demonstration tasks 
The ob jec t ives  o f  t he  M/SA Task are  t o  determine the  bene f i t s  and drawbacks 
the  LDR concept for NASA and 000 missions, t o  compare the  advantages o f  the 
LDR over other  concepts i n  mass, s ize,  and cost, and t o  determine the  e f f i c  
LDR operat ing range. 
which s izes and ra tes  the  LDR as a heat exchanger a t  g iven  opera t ing  condi- 

The ob jec t ives  must b u i l d  upon a basic systems model 

of 

en t 

t ions ,  and which incorporates the  component technologies under development I n  
the  o ther  tasks o f  the  program. 

The basic physics o f  t he  LOR has been described by Mat t i ck  and Hertzberg 
( r e f .  1). Thei r  heat t rans fe r  model f o r  the  r a d i a t i n g  sheet i s  be ing u t i l i z e d  
i n  the  NASA Lewis systems model w i t h  mod i f i ca t i on  o f  the  space s ink  t e m r x a t u r e  
t o  250 K.  The sheet model o f  Brown and Kosson ( r e f .  15), based on a Monte 
Car lo  examination o f  a dispersed d rop le t  system, has a nonuniform temperature 
p r o f i l e  across the  thickness of t he  sheet. The Monte Car lo  model does genor- 
a l l y  p r e d i c t  somewhat longer d rop le t  f l i g h t  paths t o  serv ice  a requ i red  heat 
r e j e c t i o n  load than does the  o p t i c a l  sheet godel. For an o p t i c a l  th ickness o f  
the order o f  un i t y ,  there  are  no t  s i g n i f i c a n t  d i f fe rences  i n  r a d i a t i v e  power 
c a l c u l a t i o n  between the isothermal and Monte Car lo  models ( r e f .  1). An Inde- 
pendent e f f o r t  i s  analyz lng a general ized nonisothermal sheet r a d i a t i o n  model 
I n  order t o  determine the  cond i t ions  f o r  which the  dev ia t ions  become s i g n i f i -  
cant between the isothermal and nonisothermal models. 

The basic LDR model has been used I n  designing the  in-house heat t r a n s f e r  
apparatus. 
o f  nuclear and so la r  dynamic power systems. I n t e g r a t i o n  o f  the  LDR w i t h  
dynamic power systems includes I d e n t i f i c a t i o n  o f  working f l u i d s  w i t h  operat ing 
ranges compatible w i t h  the power cyc le  r e j e c t i o n  temperatures. The e f f e c t s  o f  
incorpora t ing  a regenerator i n t o  power systems u t i l i z i n g  an LDR are  being 
inves t iga ted .  Although thermal e f f i c i e n c y  i s  h igher  I n  regenerated power 
systems, the  a d d i t i o n a l  mass o f  a regenerator may no t  be o f f s e t  by the  lower 
r a d i a t o r  mass o f  such systems, and t o t a l  system mass may increase. The lower 
heat r e j e c t i o n  temperature and the lesser  amount o f  waste heat w i t h  a regen- 
e ra to r  may a f f e c t  power system op t im iza t i on  d i f f e r e n t l y  I f  an LDR, ra the r  than 
a conventional rad ia tJ r ,  i s  employed. Fo r  instance, t he  a d d i t i o n  o f  a recup- 
e ra to r  on the nuclear dynamic Brayton power system increases the thermal 
e f f i c i e n c y  by 31 percent and decreases the r a d i a t o r  mass. Figures 15 and 16 
show the propor t ion  o f  t o t a l  system mass a t t r i b u t a b l e  t o  the  LOR f o r  f ou r  
regenerated power sys tems. 

Presently, the  models a re  being expanded t o  incorpora te  NASA models 

The performance, cost, and r e l i a b i l i t y  o f  the LDR are  a l so  being assessed, 
f o r  comparison w i t h  other  r a d i a t o r  concepts. Pre l iminary r e s u l t s  from NASA 
Lewis compucer Lodes I n d i c a t e  t h a t  when coupled w i t h  a nuclear S t i r l i n g  power 
system, a heat p ipe  r a d i a t o r  havlng a surface emiss i v i t y  o f  0.6 i s  more massive 
than an LDR w i t h  a sheet em iss i v i t y  o f  0.4. F igure 17 shows the t o t a l  s y s t t n  
mass f o r  a 100 kWe nuclear S t i r l i n g  power p l a n t  operat ing a t  a ho t  end temp- 
e ra tu re  o f  1050 K.  Various performance parameters for the LOR and a l t e r n a t e  
r a d i a t o r  cmcepts are under i nves t i ga t i on .  These inc lude t o t a l  heat t rans fe r  
area, o v e r a l l  r a d i a t o r  mass, stowed r a d i a t o r  volume, s p e c i f i c  r a d i a t i v e  power 
(heat re jec ted  per u n i t  r a d i a t o r  mass), and u n i t  r a d i a t o r  cost  ( i n  d o l l a r s  per 
kW re jec ted ) .  Assessing the r e l a t l v e  importance o f  these parameters w i l l  
become increas ing ly  important i n  determining a prototype LDR design. 

8 



To more r e a l i s t i c a l l y  est imate the r e l i a b i l i t y  and performance o f  the  

U l t r a v i o l e t  r a d i a t i o n  and atomic oxygen can a t tack  the  LDR working 
F l u i d  loss  can be minimized by se lec t i on  o f  a s u i t a b l e  working f l u i d  

Since the  number 

LDR, several e f f e c t s  o f  the  space environment a re  considered i n  the  LDR system 
model. 
f l u i d .  
which i s  s tab le  i n  the  space environment o f  the mission. 
dens i ty ,  f l u x ,  and k i n e t i c  energy o f  atomic oxygen are  r e l a t e d  t o  the  miss ion 
a l t i t u d e  ( r e f .  16). proper modeling o f  f l u i d  loss  w i l l  consider mlss lon a l t i -  
tude. Such a model w i l l  consider the  e f f e c t s  o f  variable-energy atomic oxygen 
on the r a t e  o f  f l u i d  degradation through ox ida t i on  ( r e f .  17). 

More research i s  needed t o  Inves t i ga te  the  o p t i c a l  p roper ty  changes when 
LDR f l u i d s  a re  exposed t o  atomic oxygen. A dramatic change i n  chemical compo- 
s i t i o n  could adversely a f f e c t  the  o p t i c a l  p roper t ies .  An apprec iab le change 
i n  o p t i c a l  p roper t ies  would no t  on ly  h inder  the  heat t r a n s f e r  r a d i a t i n g  capa- 
b i l i t i e s  o f  t he  LDR, bu t  would a l s o  s i g n i f i c a n t l y  increase the  mass o f  t he  
LDR. 
s l v i t y  from 0.88 t o  0.33 can r e s u l t  i n  a 54 percent increase I n  r a d i a t o r  mass 
and a 16 percent increase i n  system mass. In-house research e f f o r t s  a t  Lewis 
w i l l  a i d  i n  the  se lec t i on  o f  t he  LDR f l u i d s .  

For example, g iven a nuclear power system, decreasing the  f l u i d  emls- 

CONCLUSION 

The NASA Lewis/AFRPL program p lan  f o r  the  L i q u i d  Drop le t  Radiator i s  
a t tack ing  the technologica l  b a r r l e r s  t o  the  design, development, and t e s t i n g  
o f  a prototype o f  t h i s  advanced r a d i a t o r  concept. A l l  task elements a re  under 
i nves t i ga t i on .  The ob jec t i ve  o f  t h i s  f i r s t  phase o f  t he  program i s  being met: 
i t  i s  an t i c ipa ted  t h a t  the  r e s o l u t i o n  o f  the  c r i t i c a l  techn ica l  issues o f  the  
LDR concept w i l l  be accomplished by the end o f  1986. 

REFERENCES 

1. Aa t t i ck ,  A.1. and Hertzberg, A., "L iqu id  Droplet  Radiators f o r  Heat 
Reject ion I n  Space," Journal o f  Energy, Vol. 5, No. 6, Nov.-Dec. 1981, 
pp. 387 393. 

2. Taussig, R.T.  and Flatt ick, A.T., "Droplet  Radiator Systems f o r  Spacecraft 
Thermal Control ,I1 A I A A  Paper 84-1797, June 1984. 

3. Mat t i ck ,  A.T. and Hertzberg, A., "L iqu id  Droplet  Radiator Technology 
Issues," Presented a t  the F i r s t  Symposium on Space Nuclear Power Systems, 
Un ive rs i t y  o f  New Mexico, Albuquprque, NM, Jan. 11-13, 1984. 

4. T o l l e r ,  D.F., "Mul t i -Smal l  Hole D r i l l i n g  by EDM," Rolls-Royce Ltd., 
PNR-90184, Apr. 1983. 

5. B a t t i s t a ,  A.D. and Shiner, W.H., "Production Laser Hole Dri l l ing-Now," 
Presented a t  the SME Laser Conference, Dec. 1, 1976. 

6. Kuhn, L. and Myers, R.A. ,  " Ink -Je t  P r in te rs , "  S c i e n t i f i c  American, 
Y o l .  240, NO. 4, Apr. 1979, pp. 162-178. 

7 .  Kuhn, L., Bassous, E .  and Lane, R., "Si l icon-Charge Elect rode Array f o r  
Ink -Je t  Pr in t ing , "  I E E E  Transactions on E lec t ron  Devices, Yol. 25, No. 10, 
O c t .  1978, pp. 1257-1260. 

9 



8. Muntz, E.P. and Dixon, M., YDynamlcs o f  L iqu id  Droplets I n  the Space 
Environment," AFRPL TR-84-045A. Nov., 1984. 

9. Sakai, T. and Hoshlno, N., "Production o f  Uniform Droplets by Longi tudinal  
V ib ra t ion  o f  Audio Frequency," Journal o f  Chemical Engineering of  Japan, 
V O l .  13, NO. 4, Aug. 1981, pp. 263-268. 

10. Dlxon, M . ,  "Droplet Veloc i ty  Dispersion DevSce," A I A A  Paper 85-0077, 
Jan. 1985. 

11. Teagen, W.P. and F l t re ra ld ,  K., l 'Prelimlnary Evaluat ion o f  a L iqu id  Be l t  
Radiator for Space Appllcations,'I Arthur D. L i t t l e  Inc., Cambridge, MA, 
Dec . 1984. (NASA CR- 174807). 

12. Hoffman, T.W. and Gauvin, W.H., "An Analysis o f  Spray Evaporation I n  a 
High-Temperature Environment," Canadian Journal of Chemical Ennineerlng, 
Vol. 39, NO. 5, O C t .  1961, pp. 179-188. 

13. Graf, R.T., Koenlg, J.L. and Ishida, H., UOptical  Constant Determination 
o f  Thin Polymer F i l m s  i n  the Infrared,"  Case Western Reserve Univers i ty ,  
Cleveland, OH, CWRU/DMS/TR-13, Aug. 1984. 

14. Calla, V., Has let t ,  R., KOnOPhJ, W. and Kosson, R., "L iqu id Oroplet 
Radiator Col lector  Development," Proceedings of the 19th IECEC,  IEEL, New 
York, 1984, pp. 216-223. 

15. Brown, R.F. and Kosson, R., "L iqu id Droplet  Radiator Sheet Design 
Considerations," Proceedings o f  the 19th IECEC,  IEEE,  New York, 1984, 
pp. 330-338. 

16. Pepl inski ,  D.R., Arnold, G.S. and Borson, E.N., " S a t e l l i t e  Exposure t o  
Atomlc Oxygen i n  Low Earth Orbi t , "  13th %ace Simulat ion Conference, 
NASA CP-2340, 1984, pp. 133-136. 

17. Banks, B.A., H l r t i c h ,  M.J., Rutledge, S.K. and Swec, D.M., " Ion Beam 
Sputter-Deposited Thin F i l m  Coatings f o r  Protect ion o f  Spacecraft Polymers 
i n  Low Earth Orbi t , "  NASA TM-87051, 1985. 

10 



- 
A 

B 

C 

D 

I 

TABLE I. - JOINT NASA-AIR FORCE LIQUID DROPLET 

RADIATOR PROGRAM 

Techno 1 ogy deve 1 opmen t 
Task I - L iqu id  Droplet  Generator (NASA) 
Task I 1  - L iqu id  Droplet  Radlator physics 

Task I 1 1  - L lqu ld  Droplet  Co l l ec to r  
and mater ia ls  (NASA) 

( A i r  Force) 

Deslgn and f a b r l c a t l o n  
Tack I V  - Test system ( A i r  Force) 

Anal ys 1 s 
Task V - Mlsslon and systems ana lys is  

(NASA/A I  r Force) 

Proof of concept 
Task V I  - Technlcal assessment 

(NASA/A I  r Force) 

1 1  



TABLE 11. - LDR WORKING FLUID REQUIREMENTS 

' Space compatabl 11 t y  
Vapor pressure - Less t h a t  10-9 t o r r  t o  

mi r lm lze  evaporatlon 
l o :  i es .  

Opt lca l  p roper t ies  - Low a b s o r p t l v l t y  t o  so la r  
r a d l a t i o n  (near I R )  t o  
mln lml te  so la r  heat lng.  - Hlgh emlss l v l t y  I n  f a r  I R  
f o r  optimum rad la to r  
cool  1 ng . 
reac t l  on by energet lc 
( 5  eV) atomlc oxygen 
r e s u l t l n g  I n  molecular 
chanbes t o  f l u l d .  

- Reslstant t o  u l t r a v i o l e t  
abs.vptlon w F l c  h can 
enhance oxygen react ion.  

Chemlcal p roper t les  - Reslstant t o  chemical 

b Generator/col l e c t o r  compatabl l l ty  
V iscos l ty  - Low t o  mlnlmlze f l u l d  

vessure losses 1:: 
generatcv, co l l ec to r ,  
and puml - .  

- Hlgh f o r  rap id  d rop le t  
format 1 on. - Low t o  l n h i b l t  wet t ing  o f  
o r ' f l c e  and c o l l e c t o r  
surfaces. 

Chemlcal p roper t ies  - Neg l l g lb le  corros lon o f  
c o l l e c t o r  and generator. 

Surface tenslon 

- 
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RADIATIVE "FINS" AND "HEAT PIPES" OF CWVENTIONAL RADIATORS 
REPLACED B'r MULTIPLE STREAf,IS OF UNIFORM LIQUID DROPLETS 
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F igure 1. - Liquid droplet radiator concept. 
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Figure 5. - Droplet streams (1 kHz piezo frequency. 2 5 mls droplet velocity. MJ + B u m  droplet 
diameter) 
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Figure  6. - Experimental frequency-velocity envelope 
for u n i f o r m  droplet formation. 
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Figure 7. - Hemispherical emissivity of liquid droplet 
radiator. (ref. 1). 

i 
I 

01 I I II_L___i 
Moo 1600 1200 800 900 

WAVEMUMBER, 5m-l 

Figure 8. - Normal emissivity of a 0.06 cm thick film of DC 704. 
(ref. 11). 
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Figure 9. - Normal emissivity of a 0.03 cm thick film of DC 704. 
(ref. 11). 

(a) Reflection and refraction not considered, m 0. 

(c) Reflection and refraction considered, m = 1.33 (ref. 12). 
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Figure 10. - Absorptivity of a sphere as a function of optical depth. 
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transfer studies. 
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Figure 12. - Vapor pressures of candidate radiator fluids. 
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Figure 14. - Zero-gravity experiment. 
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Figure 15. - LDR mass for 100 kW, solar dynamic power systems. 
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Figure 16. - L3R mass for 100 kWe nuc lear  dynamic power systems. 
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Figure 17. - Nuclear S t i r l i n g  system mass 
comparisons for LDR and heat pipe radia- 
tor. 
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T h e  NASA Lewis Research Center and the A i r  Force Rocket Propulsion Laboratory (AFRPL) are j o i n t l y  
engaged i n  a program f o r  technical assessment o f  the L iqu id  Droplet Radiator (LDR) concept as an 
advanced high perfamance heat re jec t ion  camponent f o r  future space missions. 
re;ponsibi l i ty f o r  the technology needed for the droplet  generator, for working f l u i d  qua l i f i ca t i on ,  
and f o r  inves t iga t ing  the physics of droplets i n  space; NASA Lewis i s  also conducting systems/mission 
analyses f o r  po ten t ia l  LDR appl icat ions w i th  candidate space power systems. For the droplet  generator 
technology task, both mic ro-or i f i ce  fabr icat ion techniques and droplet  stream formation processes have 
been experimentally investigated. 
cated w i th  autanated equipment. 
the generation o f  con t ro l led  and unjform droplet  streams. 
the experimental ve r i f i ca t i on ,  under simulated space condit ions, o f  droplet  rad ia t ion  heat t rans fer  
performance analyses and the determination of the e f fec t i ve  rad ia t i ve  emissiv i ty o f  mu l t i p le  droplet  
streams. 
stream behavior i n  microgravi ty condit ions. This includes the e f f e c t  o f  o r i f i c e  wett ing on j e t  dyn- 
amics and droplet  formation. 
LDR w i th  solar and nuclear pcuer systems. 
i d e n t i f i e d  favorable mass and size corrparisons o f  the LOR w i th  conventional rad ia to r  concepts. 
object ive o f  the program tasks i s  t o  resolve c r i t i c a l  techno:ogy issues which confront the developnent 
and design of  a prototype LW system for tes t ing  i n  space envirorment. An essent ia l  pa r t  o f  the cur- 
rent technical program pertains t o  the experimental inves t iga t ion  of mult istream dynamics and thermal 
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High q u a l i t y  mic ro-or i f i ces  ( t o  50 p m  diameter) are rou t i ne l y  fab r i -  
Droplet formation studies nave establ ished operating boundaries f o r  

A t e s t  r i g  i s  cur ren t ly  being i n s t a l l e d  f o r  

I n i t i a l  t es t i ng  has begun i n  the NASA Lewis Zero-Gravity F a c i l i t y  f o r  inves t iga t ing  droplet  

The mission analyses are i den t i f y i ng  in tegra t ion  requirements f o r  the 
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